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Benchmark energies, geometries, dipole moments, and harmonic vibrational frequencies are
determined for four states of methylene (gHby solving the electronic Schdinger equation
exactly for a triple¢ plus double polarizatiofiTZ2P) basis with the restrictions that the core orbital
remains doubly occupied and the highest-lying virtual orbital is deleted. Approximate models of
electron correlation are evaluated based on their ability to match the exact, full configuration
interaction results. Predictions from configuration interaction with all single, double, triple, and
quadruple substitution§CISDTQ) and coupled-cluster including singles, doubles, and triples
(CCSDT) are virtually identical to the full CI results for all but the *A; state, which is poorly
described by a single-configuration reference. In agreement with previous work stiage remains
slightly bent at the TZ2P full CI level of theory, with a bond angle of 170.1° and a barrier to
linearity of only 25 cmt. © 1998 American Institute of Physid$S0021-96068)02103-5

I. INTRODUCTION ergy calculations at a fixed geometry. Nevertheless, research-
o _ L ers have obtained exact full Cl equilibrium geometries for a
~In principle, exact solutions to the electronic Schro few polyatomic systems with a DZP basis: the linear transi-
dinger equation can be obtained by a configuration interacjon state for the reaction+H,—HF+H:8 the systems 5
tion (.CI) procedAque which |nclud.es .all configuration stat.eH7+ and H -He? the X 2B, and A ?A, states of NH;
functions(CSFs,S*-adapted combinations of Slater dete.rm|- 3;11,12 H5+ 13 and the four lowest-lying states of
nantg that can be formed from a complete set of Orb'tals'methylenel.l'l“ For the latter three molecules, full CI dipole
However, as a truly complete set of orbitals will be infinite, moments and harmonic vibrational freque,ncies were re-
this procedure is of course impossible to implement, and it orted at the full CI equilibrium geometrié&:1Other stud-

becomes necessary to truncate the orbital basis set; typ|call.és of small molecules using highly accurate treatments of

only two or three basis functions are used to describe eacQlectron correlatioribut short of full C) in conjunction with
atomic orbital(“double-” or “triple- £’ basis set$. A ClI J

procedure including all CSFs which can be formed for a® DZFG 1‘36‘5'5 have bféen reported by leteal,™ Scuseria
etal,”™"and Wulfov:

fixed orbital basis is designated “full Cl.” However, since Bench K studi ¢ hviehd4 clearly d
the number of CSFs has a factorial dependence on the num- enchmark studies of methy clearly demonstrate

ber of electrons and orbitals, it is rarely possible to solve thé"at even full CI does not achieve perfect agreement with

full CI eigenvalue equation: instead, one must also truncat&*Periment when used in conjunction with a small orbital
the configuration space. basis set: full ClI predictions for the singlet-triplet energy

Approximate models of electron correlation can be9aP’"“*°are at least 2.5 kcal mot above the bestnonrel-
evaluated according to their ability to predict results ap-ativistic, Born-Oppenheimgrexperimental estimaté 2 of
proaching the full CI limits for a fixed orbital basis set. The 9-37 kcal mol™. A complementary approach to benchmark-
1984 vectorized full Cl program of Knowles and Hahdy iNg is to expand the single-particle basis set for a fixed
enabled Bauschlicher, Taylor, Langhoff, and others to permethod of electron correlation. The second-order®Cl
form a series of benchmark full Cl computations on small(SOC) method and multi-reference GMRCI) wavefunc-
molecules in the late 1980%These studies typically em- tions of similar quality are useful in such studies as they are
ployed doublez plus polarization(DZP) basis sets, and the nearly of full CI quality’ at a substantially reduced compu-
Cl spaces spanned tens of millions of determinants. Moréational cost. When used with very large single-particle basis
recent full Cl algorithms, which follow Olseat al® in sac-  sets, these methods give very good agreement with
rificing some degree of vectorization for reduced operatiorexperimenlz. Several workers have presented benchmark pre-
counts>~ have allowed for Cl spaces including up to one dictions for the spectroscopic constants of diatomics using
billion determinant$;” these MRCI methods in conjunction with sequences of

Due to their extreme computational requirements, full Clsingle-particle basis sets which systematically approach
benchmark studies are generally limited to single-point encompleteness. Bauschlicher, Partridge, Langhoff, Taylor,
Almlof, and others have carried out these stufie€ using
dpresent address: Department of Chemistry, University of California, Ber—atomic natural orbita ANO) basis seté? while Dunning and

keley, California 94720. co-workers?~*8have employed the correlation consistent ba-
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Sherrill et al.: Electronic states of methylene 1041

TABLE I. Equilibrium geometry, dipole moment and vibrational frequencies forXh#, state of methylen&®

Method Reference le 0O Me wq(ay) wy(ay) w3(by)

DZP CISDF 14 1.0853 131.79 0.254 3193 1167 3407
DZP CCSOT)¢ 14 1.0875 132.15 3166 1146 3383
DzP CISDTQ*d 14 1.0877 132.16 0.256 3162 1145 3380
DZP Full CF¢ 14 1.0878 132.16 0.256 3162 1144 3379
TZ2P SCF This work 1.0693 129.49 0.229 3271 1299 3480
TZ2P CISD This work 1.0746 132.80 0.237 3172 1155 3393
TZz2P CCSD This work 1.0760 133.20 3154 1136 3375
TZ2P ccsmT)f This work 1.0772 133.28 3140 1131 3362
TZ2P CISDTQ This work 1.0774 133.29 0.237 3135 1127 3358
TZ2P Full Cf This work 1.0775 133.29 0.237 3134 1127 3358
TZ3P (2 f,2d)+2diff CISDf 70 1.0747 132.94 0.236 3174 1134 3399
MORBID fit to 5s4p3d2 f1g/3s2pld

ANO MRCI®9 84 1.0794 133.58 3015 972 3236
est. complete basis CMRCI 37 1.0749 133.72
est. complete basis RCC$D" 37 1.0750 133.82
MORBID fit to experimerit 20 1.0753 133.93 2992 3213
experiment(IR) estl 67 3190
experiment(diode laser 78 963.1

@Bond lengths in angstroms, bond angles in degrees, dipole moments in atomic units, and vibrational frequenciks in cm

bUnless otherwise noted, theoretical vibrational frequencies are determined in the harmonic approxXimatidrereas experimentally derived frequencies
are fundamentalév) which include anharmonicity.

‘One frozen core orbital.

dLeeet al. (Ref. 19 also report DZP CISDTQ results, using a slightly different DZP basis.

fAnglada and Bofill(Ref. 11 also report DZP full Cl geometries using a slightly different basis.

fOne frozen core and one deleted virtual orbital.

9Predictions using the Morse oscillator-rigid bender internal dynaiit3RBID) Hamiltonian fit toab initio data. Frequencies are fundamentals.

"Based on all-electron contracted MRCI or RCG$Pcalculations employing thec-pCVXZbasis sets up tX=>5 (quintupley).

'Predictions using the MORBID Hamiltonian fit to experimental data.

IEstimate from perturbations in the IR spectrum of thetate.

sis set$23” Woon and Dunnindf have also used internally 1l. THEORETICAL APPROACH

contracted multireference GCMRCI*° and a sequence of ) -
correlation consistent polarized valence basis sets to examine "€ ground electronic state of methY'eﬂe? By, may
the singlet-triplet splitting in methylene. be qualitatively described by the electronic configuration

Unfortunately, it is usually impossible to systematically  (1a;)?(2a;)%(1b,)?(3a;)(1b,). (1)

increase the basis set size in conjunction with the full ClI
method due to the factorial growth of the computation time.
This motivates the present study, in which we examine thg
effect on the full CI geometries, dipole moments, and har-  (1a;)%(2a;)%(1b,)*(3a,)?, 2

monic vibrational frequencies for t¥ 3B, a 'A;, b 'B;,  which qualitatively describes the lowest-lying electronic ex-
and ¢ 1A, states of methylene when the relatively small cited statea 1A, . However, this state has a second impor-
DZP basis set is replaced by the more flexible TZ2P basisant configuration which becomes equally important at linear
set. In addition, we consider whether various models of elecgeometries; this can be accounted for by employing the two-
tron correlation become better or worse approximations tg¢onfiguration wave function

Tel full Clin the_ Iarger basis _s;et. Of partlcu!ar interest 'S_th_ecl(1a1)2(2a1)2(1b2)2(3a1)2

c “A, state, which is theoretically challenging because it is

the second root of its spatial and spin symmetry and is not +Ca(1a1)%(2a1)*(1b;)%(1b,)?, ()

well described by a smglle-determlnant. reference. Hence, oyghere the two Cl coefficient§, andC, have opposite signs
benchmark results for this state in particular may be vaIuabI%md|C1| =>|C,|. The third electronic statéd( 1B,) shares the

for calibrating various excited-state methods. Furthermore, i§ame spatial orbital configuratidf) as the ground state, but
has not been definitively established whether the equilibriumhe two open-shell electrons are singlet-coupled rather than
geometry of thec state is linear or slightly bent; Bauschli- triplet-coupled. The fourth electronic state considered here
cher has recently showhthat the bending potential is ex- (¢ 'A,) is represented by the same two configurations as the
tremely flat. The full CI results presented here shed soma state except that the two Cl coefficients have the same sign
additional light on this issue. and|C4|<|C,|.

Promotion of an electron from thebl to the 3a; orbital
ives the closed-shell configuration
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1042 Sherrill et al.: Electronic states of methylene

TABLE Il. Equilibrium geometry, dipole moment and vibrational frequencies forahe, state of methylen&?

Method Reference e [/ He wq(ay) w,(ay) w3(by)

DZP TCSCF-CISD 14 1.1168 101.50 0.713 2966 1417 3046
DZP CCSOT)¢ 14 1.1199 101.28 0.714 2930 1404 3014
DzZP CCSDT 14 1.1199 101.42 2929 1397 3014
DZP CISDT@* 14 1.1198 101.43 0.710 2930 1397 3015
DZP Full CF¢ 14 1.1199 101.44 0.708 2928 1396 3013
TZ2P SCF This work 1.0945 103.73 0.776 3105 1503 3169
TZ2P TCSCF This work 1.0967 102.99 0.686 3085 1527 3140
TZ2P CISD This work 1.1122 101.80 0.707 2949 1441 3016
TZ2P TCSCF-CISDH This work 1.1051 102.05 0.679 2944 1429 3013
TZ2P CCSD This work 1.1074 101.73 0.692 2919 1428 2988
TZ2P ccsmT) This work 1.1089 101.72 0.679 2899 1414 2971
Tz2P ccsDT This work 1.1088 101.86 2899 1406 2972
TZ2P CISDTQ This work 1.1087 101.88 0.674 2900 1405 2973
TZ2P Full Cf This work 1.1089 101.89 0.673 2899 1404 2971
TZ3P2 f,2d)+2diff CISD' 70 1.1049 102.00 0.691 2968 1434 3036
TZ3P2 f,2d)+2diff TCSCF-CISD 70 1.1047 102.30 0.665 2965 1420 3035
MORBID fit to 5s4p3d2 f1g/3s2p1d

ANO MRCI®9 84 1.1112 101.95 2787 1351 2839
Renner-Teller model fit to

7s5p3d2 f1g/4s3p1ld CMRCIEM 79 2808 1356 2863
est. complete basis CMRCI _ 37 1.1061 102.23
est. complete basis RCC8D' 37 1.1058 102.23
experiment(IR) 67 1.107 102.4
experiment(IR) 76, 77 2805.9 1352.6 2864.5
experiment(dispersed fluorescente 85 2846 1371.3

@Bond lengths in angstroms, bond angles in degrees, dipole moments in atomic units, and vibrational frequenciks in cm

bUnless otherwise noted, theoretical vibrational frequencies are determined in the harmonic approxXimatidrereas experimentally derived frequencies
are fundamentalév) which include anharmonicity.

‘One frozen core orbital.

dLeeet al. (Ref. 19 also report DZP CISDTQ results, using a slightly different DZP basis.

fAnglada and Bofill(Ref. 11 also report DZP full Cl geometries using a slightly different basis.

fOne frozen core and one deleted virtual orbital.

9Predictions using the Morse oscillator-rigid bender internal dynai3RBID) Hamiltonian fit toab initio data. Frequencies are fundamentals.
PFundamental frequencies.

'Based on all-electron contracted MRCI or RC@$Dcalculations employing thec-pCVXZ basis sets up t%=5 (quintuple?).

JHarmonic frequencies.

While  the  first three  electronic  states 3 A, state, the connected triples are also fully included by
(X *A;,a *A;,b 'B;) may be described in zeroth order by the CCSDT modet®*°*°We have further employed con-
restricted Hartree-Fock(RHF) or restricted open-shell figuration interaction wave functions incorporating all
Hartree-FocKROHP wave functions, a minimal description singles, doubles, triples, and quadrupleSISDTQ). For
of the ¢ A, state requires a two-configuration self- these wave functions, only a single-configuration reference
consistent-field(TCSCH treatment. Using these reference Was used fol each state. This is already a good approxima-
wave functions, the effects of electron correlation weretion for the a 'A; state and would seem justified for the
treated using the configuration interaction and coupled< A, state also because of the decreasing importance of the
cluster methods. The least accurate models used were coreroth-order wave function in a correlation procedure as
figuration interaction with single and double substitutionscomplete as CISDTQ. For the 1A, state, the SCF reference
(CISD) and, where possible, coupled-cluster singles andvave function is based on the leading configuration,
doubles(CCSD*~** (our ground state coupled-cluster pro- (1a,)2(2a,)2(1b,)(3a,)2. For thed state, the configura-
gram, like others, is incapable of describing !héB; open-  tion (1a;)2(2a;)2(1b,)2(1b,)? is slightly more important;
shell singlet or of using multi-configurational references we therefore considered CISDTQ wave functions based on
For the CISD procedures based on two-configuration refereachof these configurations, denoted CISDTQ | and Il, re-
ences(TCSCF-CISD, the CI space included all single and spectively. In G, symmetry, the number of CSFs for the
double substitutions for each reference configuration. The|SDTQ wave functions for th¥, a, b, andc states were,
¢ 1A, state is represented by the second root of the TCSCFespectively, 752 367, 450 449, 664 437, and 450 #4BI)
or Cl secular equations. or 439 695 (ref Il). For the high-spin open-sheK °B;

Several more complete treatments of electron correlatioground state, spin flips are counted as excitations. For CISD,
were also considered. The additional effects of connectethis restricts the Cl space to the first-order interacting
triple excitations on the CCSD model were estimated perturspace®*~>*for CISDTQ, this reduces the number of CSFs by
batively according to the CCSD) method**~*®and for the 380 925.
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TABLE IIl. Equilibrium geometry, dipole moment and vibrational frequencies foriihkB, state of methylen&®

Method Reference le /A e wq(ay) wy(ay) w3(by)
DZP CISDF 14 1.0817 141.35 0.316 3199 1011 3478
DZP CISDTQ@ 14 1.0845 140.97 0.319 3163 1012 3444
DZP Full crd 14 1.0845 140.97 0.319 3163 1011 3444
TZ2P SCF This work 1.0644 141.30 0.268 3301 1081 3579
TZ2P CIS»Y This work 1.0716 141.74 0.277 3178 1016 3455
TZ2P CISDTQ This work 1.0747 141.55 0.277 3137 1006 3415
TZ2P Full CF This work 1.0748 141.56 0.277 3136 1006 3414
TZ3P(2 f,2d)+2diff CISD® 70 1.0713 142.94 0.263 3184 967 3470
experiment(vis. abs)f 68 1.05 140
Renner model fit to experimént 69 1.086 139.3

3Bond lengths in angstroms, bond angles in degrees, dipole moments in atomic units, and vibrational frequencigs in cm
PTheoretical vibrational frequencies are determined in the harmonic approximation.

‘One frozen core orbital.

dAnglada and Bofill(Ref. 11 also report DZP full Cl geometries using a slightly different basis.

®One frozen core and one deleted virtual orbital.

fZero-point geometryr(y, 6,).

Exact solutions of the electronic Schiinger equation monic vibrational frequencies were obtained using the pro-
within the TZ2P basis, subject to one frozen core orbital anadtedures of Ref. 14.
one deleted virtual orbital, were obtained using the full ClI
procedure, where the Cl space includes all possible configut). RESULTS AND DISCUSSION
ration state function§CSF3 of the proper spatial and spin
symmetry. Although the loop-driven graphical unitary group
approach(GUGA) ClI prograni**® can be used to obtain Geometries, dipole moments, and harmonic vibrational
these full Cl wave functions, we found it more efficient to frequencies are presented in Tables I-1V; additional theoret-
employ our Slater determinant based progravarct.’®®’ ical and experimental data for these four states of methylene
For theX 3B,, @ !A,, b !B,, andC A, states, the full CI have been given in a recent reviéFrom the tables, one
wave function in G, symmetry included 17 770 124, 24 500 can see that the DZP full CI geometries from our previous
738, 24 309 054, and 24 500 738 determinants. For thétudy* are not in especially good agreement with experi-
evaluation of harmonic vibrational frequencies, it was necesment. More complete treatments of electron correlation in-
sary to consider displacements in tg §ymmetry; these full ~troduce more antibonding configurations into the wave func-
Cl wave functions included 48 616 238, 48 998 162, 48 61@ion, so that the DZP full CI level of theory substantially
238, and 48 998 162 determinants, respectively. In all correoverestimates bond lengths. The trend for basis sets is just
lated procedures, the core orbitaarbon k-like) was con- the opposite: larger single-particle basis sets tend to give
strained to remain doubly occupied, and the Correspondinghorter bond lengths for a fixed correlation method. System-
virtual orbital was deleted; the TZ2P atomic orbital basisatic studies of small molecules suggest that the SCF and
used here was not designed to describe core—core or core!SD methods provide a good balance for doublgaality
valence correlation effects. basis set§? whereas CCSD and CC$D may overestimate

This study employs the standard Huzinaga-Duntfiny bond lengths in this bas® and are better paired with a
triple-¢ basis augmented with two sets of fidetype polar-  triple-{ or better basi&* Of course, molecules with substan-
ization functions on carbofieg(C)=1.50, 0.37% and two tial nondynamical correlation, such as tite’A; state of
sets ofp polarization functions on each hydrogéa,(H) methylene, may require more accurate treatments of electron
=1.50, 0.375, denoted TZ2P. The contraction scheme forcorrelation to balance a given basis set.
this basis is C(186p2d/5s3p2d), H(5s2p/3s2p), and it The most balanced partner to the full CI method would
consists of 42 contracted Gaussian functions. In our previouse an infinite basis, so we generally expect full Cl to over-
methylene benchmark stud{/we employed a smaller DZP estimate bond lengths for any truncated basis, including the
basis with only one set ad-type functions on carbon. The present TZ2P basis. Indeed, comparison to experiment for
orbital exponent used there,4(C)=0.75, was not optimal theX anda stategTables | and Ij shows this to be the case.
for the'a andc states, which prefer a more diffuse setcbf The experimentally-derivéd equilibrium geometry of the
orbitals this contributed to the overestimation of the exci- ground state i$1.0753 A, 133.93y, indicating that the TZ2P
tation energies of these two states. We expect that the largéull Cl method overestimates the bond length by 0.0022 A
TZ2P basis used in the present study should provide a mom@nd underestimates the bond angle by 0.64°. This is a sub-
balanced description of the four electronic states. Theoreticatantial improvement over the DZP full Cl predictions,
results were obtained using thel package ofb initio elec-  which overestimate the bond length by 0.0125 A and under-
tronic structure progrant®. Optimized geometries and har- estimate the bond angle by 1.77°. Better agreement with ex-

A. Geometries
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1044 Sherrill et al.: Electronic states of methylene

TABLE IV. Equilibrium geometry, dipole moment and vibrational frequencies forahe,; state of methylen&®

Method Reference le O, Me wq(ay) wy(ay) ws3(by)
DZP TCSCF-CISD 14 1.0719 170.00 0.116 3285 663 3630
DZP CISDTQ fd 14 1.0740 171.49 0.099 3257 578 3605
DzP CISDTQ |4 14 1.0749 168.16 0.137 3248 788 3594
DZP Full CI¢ 14 1.0749 169.68 0.119 3246 695 3593
TZ2P TCSCF This work 1.0556 176.20 0.041 3381 240 3732
TZ2P TCSCF-CISD This work 1.0640 170.47 0.099 3249 634 3580
TZ2P CISDTQ fif This work 1.0667 172.51 0.077 3214 511 3545
TZ2P CISDTQ [ This work 1.0676 168.36 0.118 3204 774 3533
TZ2P Full Cf This work 1.0678 170.08 0.101 3200 666 3531
TZ3P (2f,2d) + 2diff TCSCF-CISD 70 1.064 171.6 0.081 3254 552 3597

®Bond lengths in angstroms, bond angles in degrees, dipole moments in atomic units, and vibrational frequenciks in cm
PTheoretical vibrational frequencies are determined in the harmonic approximation.
“One frozen core orbital.

YRoman numeral (I1) signifies that the SCF reference for thestate is the firstsecond configuration in eq. 3see text
fAnglada and Bofill(Ref. 11 also report DZP full Cl geometries using a slightly different basis.
fOne frozen core and one deleted virtual orbital.

periment is achieved by the complete basis set estimates &CF methodor TCSCF for thea and ¢ state$, CISD (or
Woon and Dunningf for the CMRC® and RCCSBT)®™*®  TCSCF-CISD changes the bond angle by3.31, —0.94,
methods. For the state, if we use the experimental geom- 40,44, and—5.73 degrees for thX, a, b, and ¢ states,

etry of Peteket al®’ (1.107 A, 102.47, we find that TZ2P  respectively. These changes are generally in qualitative but
full CI overestimates the bond length by 0.002 A and undernot quantitative agreement with those seen for the DZP basis

estimates the bond angle by 0.5°, representing an improves- 14 . " .
. et.” The large change in bond angle for thestate is actu-
ment of 0.011 A and 0.5° over the DZP full Cl results. Theally much smaller than that seen with the DZP basis, for

errors in the TZ2P full Cl geometries thus appear to beWhich the optimum structure is linear for TCSCF and bent

roughly equa! for theX .anda .states..Once again, even better(17oo) for TCSCF-CISD Bauschlicher and Yarkoriyhave
agreement with experiment is obtained by the complete basig;oiously suggested that the bent structure predicted at the
set extrapolations of Woon and Qunmf’?g. _ DZP TCSCF-CISD level of theory may be due to artifactual
Replacing the DZP_ basis with a TZZI_D basE CaUS€3ymmetry breaking of the wavefunction. However, all of our
roughly equal changes in the full Cl geometries ofthand  172p results support a slightly bent structure, including the
c states as it does for the state: bond lengths decrease by Tz2p full CI, which should be virtually immune to symme-
about 0.01 A, and bond angles increase by about 0.5°. Unry breaking’? The TZ2P full Cl bond angle is 170.08°, only
fortunately, no experimental data are available for the geomg|ightly larger than the DZP full CI predictidfiof 169.69°.
etry of thec state, and exper_imental estima.tes of thetate  gauschlicher's most recent study on tige state employs
geometry are not very precise. The experimental geometndytensive MRCI with large single-particle basis sets; his data
for the b state deduced from visible absorption spectroscopgupport a slightly bent minimum with a very small
by Herzberg and Johffsis not in particularly good agree- (~10 cni'?) barrier to linearity’ We have determined the
ment with the Renner-Teller model of Duxbury and parrier at the TZ2P full ClI level of theory by optimizing the

9 ; - : =
Jungerf? These geometries are zero-point geometriesy nmetry of ther state with the constraint that the molecule
(ro,6) and as such are not strictly comparable to the quizeain jinear; this yields a bond length of 1.0668 A and an

librium geometries (.,6,) reported here; however, the enerav of —38.968 356 hartree. making the barrier onl
TZ2P full Cl geometry does not appear to be particularly 5 cr%yl ' ’ g I y

close to either estimate. Given the overestimation of bon Compared to CISD(or TCSCF-CISD, the triple and

lengths by the full CI method, the TZ2P full CI results ap- - )
pear to be in reasonable agreement with the larger basis s%'t'adrUple substitutions in CISDTQ change the bond angle

CISD geometries of Yamagucht al.™® for theX, a, andb states by about0.5°, which is slightly
Tables I-IV also contain theoretical geometries for vari-12rger than the comparable changes for the DZP basis. For
ous approximate models of electron correlation so that onée c state, triples and quadruples have a much larger effect
can evaluate their ability to approach the full Cl limits in the (=2°) which changes sign depending on which of the two
same basis set. Convergence of the equilibrium bond lengthiearly degenerate electron configurations in(8pis used as
with respect to improved treatments of electron correlation ighe referencésee introduction The effect on the bond angle
very similar to that seen in our previous study using the DZPof quintuples and sextuples in the full ClI wave function is
basis set? and the interested reader is referred to that workremarkably large and nearly cancels the effect of triples and
for a more detailed analysis. Electronic correlation has a proguadruples, giving a final bond andlE70.089 rather similar
nounced effect on the HCH bond angle; compared to théo that predicted(170.479 by the TCSCF-CISD method,
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TABLE V. Total energies in hartrees for the four lowest-lying electronic states of methylene.

Method Reference X 3B, ala, b B, T A,
DZP Full CR? 14 -39.046 816 -39.026 635 -38.985 569 -38.942 663
TZ2P SCF This work -38.932 879 -38.892 826 -38.868 934
TZ2P TCSCF This work -38.914 802 -38.813 319
TZ2P CISD This work -39.059 810 -39.037 949 -39.002 655
TZ2P TCSCF-CISD This work -39.042 236 -38.959 535
TZ2P CISDTQ #¢ This work -39.066 634 -39.048 735 -39.009 964 -38.967 346
TZ2P CISDTQ If¢ This work -38.967 527
TZ2P CCSD This work -39.063 316 -39.043 794
TZ2P CCSOT)° This work -39.066 184 -39.048 005
TZ2P CCSDT This work -39.048 776
TZ2P Full CF This work -39.066 738 -39.048 984 -39.010 059 -38.968 471
TZ3P(2f,2d) + 2diff SOCI// 70 -39.080 444 -39.065 406 -39.027 300 -38.985 605
TZ3P(2f,2d) + 2diff (TC)CISDFef
est. complete basis CMRTCI 37 -39.141 93 -39.127 28
est. complete basis RCC$DY 37 -39.148 03 -37.132 93
MORBID fit to 5s4p3d2 f1g/3s2p1d 84 -39.083 084 -39.068 308
ANO MRCIP
13510p8d1f/3s2pld ANO MRCI+Q// 86 -39.099 050 -39.083 854
TZ2P SOCH"

@Anglada and Bofill(Ref. 11 also report DZP full CI energies using a slightly different basis.

®One frozen core orbital.

‘One frozen core and one deleted virtual orbital.

YRoman numeral (11) signifies that the SCF reference for thestate is the firstsecond configuration in eq. 3see text

&TC) designates a two-configuration reference for zhand ¢ states; otherwise a one-configuration reference.

Second order configuration interacti¢®OC) includes all configurations having no more than two electrons in external ortiggsRef. 28

9Based on all-electron contracted MRCI or RCG$Pcalculations employing thec-pCVXZbasis sets up tX=5 (quintuple{). Note that the energies in
Ref. 37 are all 2 hartrees too high due to misprints.

"+ Q denotes the multireference Davidson correction for disconnected quadruple substiseieritef. 8Y.

which provides a balanced treatment of the two differentstates. Indeed, the harmonic approximation is not really ap-

electron configurations. plicable to thec state, which is quasilinear with a very small
barrier to linearity’! Nevertheless, the harmonic frequency
B. Dipole moments provides some additional information about the shape of the

bending potential. Clabet al.”® have presented a theoretical

Equilibrium dipole momentdue, in atomic unity are o ) N ~
investigation of anharmonic effects in the a, andb states

presented in Tables I-IV. The state is nearly linear and

thus has the smallest dipole moment @.10 a.u.). The of methylene. o .
X 3B, and b B, states have nearly equal dipole moments The harmonic vibrational frequency predictions for these

1) 5
due to their similar geometries and electron configurationsfour states of methylene follow Badger's rifié®that larger

the theoretical predictions show little variation with correla- frequencies are associated with smaller bond lengths. Thus,

tion method and are 0.24 and 0.28 a.u., respectively, with th1e bond lengths are in the ordeg(a *Ay)>r¢(X °By)

TZ2P basis. Th& state has the largest dipole moméqs7 ~ >Te(b 'B1)>re(c *A;), whereas the harmonic stretching

a.u. for TZ2P full C) because it places an additional electronfrequenciesw; (symmetric stretchand w3z (antisymmetric

in the in-plane 3, orbital. The most accurate dipole mo- stretch are in the opposite order. A similar trend is often

ments for these four states are probably the large basis ségen for bond angles in which larger bond angles are associ-

CISD and TCSCF-CISD predictions of Yamaguehial.” ated with smaller bending frequencies, and indeed the bond
angles for methylene are in the ordef(c 'A;)

C. Vibrational frequencies > 04(b 'B;)>6,(X °B;)>60.(a *A;) while the bending

. . . I frequenciesw, are in the opposite order.

Theoretical and available experimental vibrational fre- ] i . ~
quencies are presented in Tables I-IV. Our theoretical fre- EXPerimental frequencies are available only for e
quencies are evaluated in the harmonic approximation an@nda states. Harmonic vibrational frequency predictions are
are thus not strictly comparable to the experimentally detergenerally lower with the TZ2P basis than with the DZP
mined fundamental frequencies, which contain anharmonibasis* for the same level of theory, and they appear to be in
contributions that typically reduce vibrational frequencies bybetter agreement with experiment. For thetate, Hartlan®
a few percent. However, in the case of methylene, substantiak al. have actually reported experimentally derivadr-
anharmonicity is expected for the bending modes of thenonic frequencies ofw;=2846 andw,=1371 cm?, and
states which are not strongly bent: i.e., tKe b, andc  our TZ2P full CI frequencie$w;=2899 andw,= 1404 are
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TABLE VI. Relative energiesT, in kcal mol™ for the three lowest-lying electronic excited states of methylene. Zero-point corrected Tgles in
parentheses.

Method Reference alA; b B, c A,

DZP Full CP 14 12.664 (12.167 38.433 (38.337 65.357 (65.141
DZP' Full CI&P 11 11.965 38.491 65.219
TZ2P SCF This work 25.134 (24.749 40.126 (39.999
TZ2P (TC)SCF This work 11.343 (10.917 75.025 (74.029
TZ2P CISD This work 13.718 (13.269 35.865 (35.764
TZ2P (TC)CISD¢ This work 11.028 (10.551) 62.924 (62.557
TZ2P CISDTQ ff This work 11.232 (10.743 35561 (35.473 62.304 (61.804
TZ2P CISDTQ Iff This work 62.191 (62.038
Tz2P ccst This work 12.250 (11.779
TZ2P cCsmT)¢ This work 11.407 (10.908
TZ2P Full CF This work 11.141 (10.648 35.567 (35.477 61.663 (61.346
TZ3P (2f,2d) + 2diff SOCI//

TZ3P (2f,2d) + 2diff (TC)CISD*%¢ 70 9.436 (9.025 33.348 (33.224 59.512 (59.077
9s7p2d1f/5s2p MBPT4SDTQ//CMRCI 83 11.46
9s7p2d1f/5s2p CCSDT-1//CMRCI 83 10.10
est. complete basis CMRECI 37 9.19
est. complete basis RCCED? 37 9.48
5s4p3d2 f1g/4s3p2d ANO SOCI/

TZ2P SOCH® 24 9.13
MORBID fit to 5s4p3d2 f1g/3s2p1d

ANO MRCI? 84 9.272  (8.909
13s510p8d1f/3s2p1d ANO MRCI+Q//

TZ2P SOCHe 86 9.538
Best experiment(non rel., BOX 20-22 9.372 (9.155
Renner/SO model fit to experimént. 20 and 81 (32.546
Renner/SO MORBID MRCI modg| 20 and 80 (33.809

#ne frozen core orbital.
PThe prime emphasizes that the DZBasis differs from the one used in this work.

%(TC) designates a two-configuration reference for zhandc states, otherwise a one-configuration reference.
dOne frozen core and one deleted virtual orbital.
€Second order configuration interacti@®OC) includes all configurations having no more than two electrons in external ortiRafs 23.

'Roman numeral (I1) signifies that the SCF reference for thestate is the firstsecond configuration in eq. 3see text

9Based on all-electron contracted MRCI or RCG$Pcalculations employing thec-pCVXZbasis sets up t&X=5 (quintuple?).

"The authors’ best estimate can be obtained by subtracting a 0.06 kcdl relgtivistic correction.

iIncludes estimates of core-valence correlation which increase the splitting by 0.35 kcal mol

I+ Q denotes the multireference Davidson correction for disconnected quadruple substiseieritef. 8Y.

This estimate adds to the values of Ref. 20 a relativistic correction of I3 ¢Ref. 21 and a Born-Oppenheimer diagonal correction of 40 tiRef. 22.

'Using To(a'A;) =3147 cnmi’* from Ref. 20.

in good agreement, with errors of about 2%. The TZ2P fullor ¢ states have been measured directly, estimates of the

Cl predic}ilon for the remaining frequency isws  bending frequency for thb state can be deduced from some
=2971 cm*, which seems 1o be in satisfactory agreemeniof the rovibrational Hamiltonian models, as explained in Ref.
with the  experimentdf’" fundamental ~frequency 70 Greenet al’® obtained 1183 cmt, and the MORBID

-1
2864 cm ~. _ fit?" to Green’s ab initio surface yields a very similar
For the ground electronic state, the TZ2P full Cl har-y g5 o1 Alternatively, the Renner-Teller/spin-orbit

monic frequencies are reasonably close to the experiment - . 1
. . odel of Alijah and Duxbury" predicts 1257 cm™. The the-
fundamental frequencies for the two stretching modes, but ) ¥ p

for the bending mode the harmonic frequency (1127 8m oretical harmonic frequencies in Table Il are substantially
is much larger than the fundamerffa(963 cnl). This is smaller, suggesting that the anharmonic contribution
probably due to a large anharmonic contribution to the bendréaseésihe fundamental frequency in this case.

ing mode. Note that the current TZ2P full CI frequencies O @ given basis, more complete treatments of electron
appear to be in better agreement with experiment than theorrelation tend to decrease the harmonic vibrational fre-
TZ3P(2 f,2d)+2diff CISD and TCSCF-CISD results of duencies; for the stretching modes, the decreasing frequen-
Yamaguchiet al.”® This may be attributable to the CISD cies correlate with increased bond lengths. The effects of
method not providing a sufficiently complete treatment ofimproved treatments of electron correlation are similar to
electron correlation to balance the extensive basis set used those found in our previous DZP full Cl benchmark stddly.
that study. Note that quintuple and sextuple substitutions strongly affect

Although none of the vibrational frequencies for the the bending frequency of the state, so that the full Cl value
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falls roughly in between the two CISDTQ predictions andmates of this quantity are presented in Table VI; a more

differs from each of them by more than 100 ¢ For all

comprehensive review of previous work is given in Ref. 14.

other vibrational modes, the CISDTQ frequencies are virtu-The table indicates that large basis set MRCI and CO$D

ally identical to the full CI frequencies.

D. Energetics

methods yield accurate singlet-triplet splittings, while the
full  fourth-order  many-body perturbation theory
(MBPT4SDTQ with a 9s7p2d1f/5s2p basis set substan-

tially overestimates the singlet-triplet g&pyielding a value

Total energies are presented in Table V along with some@f 11.46 kcal mof*. The error can be reduced by
energies from previous theoretical studies. All energies in thd..36 kcal mol'* by adding the infinite-order contributions
present study were determined at equilibrium geometriespresent in CCSDT- and the remaining error is probably
whereas some previous studies have used non-equilibriughue to the lack ofd functions on the hydrogens. There are
geometries; for the latter, we denote a single-point energjew theoretical estimates of the state excitation energy

computed with method\ at a geometry optimized using
methodB as A//B. To obtain the lowest total energy, in-

aside from the studies of Great al.”® and Jenseret al®°
discussed above, and even less work has been performed on

creasing the basis set size is more effective than improvinghe ¢ state. The large basis §atZ3R2 f,2d)+2diff] second-
the description of electron correlation. The lowest energiegyder CI results of Yamaguckt al’® are within a few tenths

are those of Woon and Dunniigwho give complete basis

set estimates for the internally contracted multireference ClI

(CMRCI)* and restricted coupled-clusttRCCSOT)]%°6¢

methods. However, note that Woon and Dunning’s energie
would be somewhat higher if they had frozen core electrons .

as in the other studies listed.

More important are the adiabatic relative energigs,
which are given in Table VI in kcal mol. Excitation ener-
gies corrected for zero-point vibrational ener@PVE) are

denotedT, and are given in parentheses. Most studies hav

focused on the singlet-triplet gap\E (a 'A;—X °B,),

which is now accurately known but was formerly a subject
of dispute®? For comparison to theory, we use a nonrelativ-

istic  Born-Oppenheimer value of T¢(Ty)=9.372
(9.155) kcal mot?, which is obtained from Jensen and Bun-
ker's fit of experimental data using the MORBID
Hamiltonian?® To(T,)=9.215 (8.998-0.014) kcal mof?,
by adding a relativistic correctiéhof 15 cm* and a Born-
Oppenheimer diagonal correctfdrof 40 cm 2,

An experimentally derived estimate @% (b 'B;) has
been presented by Alijah and Duxbd¥y,who fitted a

of a kcal mol'! for the excitation energies of the and b
states, suggesting that their prediction for ihestate may
rs1ave similar accuracy.

When compared to full Cl, the errors in excitation ener-
gies for approximate methods of electron correlation are
slightly larger than those observed for the smaller DZP basis
set!* however, when compared to experiment or large basis
set SOCI result§ the present TZ2P excitation energies are

gﬂuch better than those determined using a DZP basis. The

Tz2P full Cl level of theory vyields T, (a 'A))
=11.141 kcal mol?, which overestimates the nonrelativistic
Born-Oppenheimer estimate by 1.77 kcal mol Most of
this error is probably due to the lack bftype functions on
carbon andl-type functions on the hydrogens. Nevertheless,
this estimate is much improved over the DZP full Cl esti-
mate of 12.664 kcal mot. Comparing to experiment and to
the more reliable large basis set SOCI results of Yamaguchi
etal,’”® TZ2P full Cl seems to overestimate the excitation

energies for théd and'c states by roughly 2 kcal mot.

Renner-Teller/spin-orbit model of the first three electronic!V. CONCLUSIONS

states to experimental data to obtain energy separations
3162 cm! between theéX anda states and 8326 cm be-
tween the a and b states, vyielding T, (b 'B))
=11398cm? (32.589 kcal moll). Alternatively, using
Jensen and Bunker’s singlet-triplet splitting of 3147 ¢m
(8.998 kcal molY) together with Alijah and Duxbury’s en-
ergy gap for thea and b states yieldsT, (b 'B;)
=11383 cm? (32.546 kcal mol?). Reliable estimates of
the energy difference between teand b states are also
available from rovibrational models fit to MRCI potential
energy surfaces provided by Greetnal.”® Fitting this data to
a Renner-Teller/spin-orbit MORBID model, Jensenal®°
found an energy difference of 8676 ch which, when com-
bined with the singlet-triplet splitting of Jensen and Buiker
yields T, (b 'B;)=11 823 cm* (33.804 kcal mol?).

of we have reported optimized geometries, harmonic vi-
brational frequencies, dipole moments, and energies for the
X 3B;, a 'A;, b By, andc A, states of methylene with
the full ClI method using a TZ2P basis set. These full ClI
benchmarks allow one to examine the effects on molecular
property predictions caused by various approximations in the
treatment of electron correlation. Predictions from the CIS-
DTQ method match those of the full CI very well for all but
the C state, which must be described in zeroth-order by a
two-configuration reference function and which features a
very flat bending potential. The differences between CIS-
DTQ and full CI predictions for this state suggest that even
very highly correlated wave functions can remain sensitive
to the choice of the zeroth-order reference function. The
CCSOT) method is not as accurate for this system as CIS-

The singlet-triplet splitting of methylene has been theDTQ, butityields predictions in good agreement with full Cl
subject of a large number of theoretical studies; indeed, thifor the X and a states where we were able to apply it. The
guantity has often been used to calibrate new theoreticgiresent results are much improved over those obtained in a

methods. A few of the many high-quality theoretical esti-

similar benchmark study using the smaller DZP basis‘%et,
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while the effects of electron correlation are only slightly *°k. A. Peterson, D. E. Woon, and T. H. Dunning, J. Chem. Ph98, 7410

larger in the TZ2P basis. The full ClI results for toestate
should be helpful in calibrating methods meant to describ
excited electronic states.
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